• Variety and planting material affect cane population and millable stalk production.
N itrogen management using remote sensor technology has been widely studied in many crops Dobermann et al., 2002; Xue and Yang 2008) . In Louisiana, N recommendation based on active sensor readings was recently established for sugarcane (Saccharrum spp.) production (Lofton et al., 2012a (Lofton et al., , 2012b Kanke et al., 2016) . Similar to other crops, this method utilizes N rate recommendation algorithm consisting of two independent components, predicted yield potential and N response index, which is an estimation of increase in yield due to applied N (Xue and Yang 2008; Raun et al., 2011; Raun et al., 2005a; Kanke et al., 2016) .
In addition to predicted yield potential and N response index, Raun et al. (2005a Raun et al. ( , 2005b suggested incorporating field variability into the N algorithm as estimated by the coefficient of variation (CV) from the sensor readings. Coefficient of variation is a statistical measure computed as the standard deviation divided by the mean; it determines dispersion or variability in data (Pearson, 1895; Bowman, 2001 ). Because CV is dimensionless and expressed as percentage, it can be used to compare variability among different units, e.g., plant height (cm) vs. biomass (g). Raun et al. (2005a Raun et al. ( , 2005b reported that incorporating CV in N algorithm is important because N requirement computation is based on many factors including total N uptake of plant per unit of area which is highly affected by plant biomass (and plant population). Further, they indicated that CV can be used to adjust N recommendation such that fields with more uniform crop stands and growth will likely receive higher N rate than fields with uneven crop stand population and poor growth. The impact of stand variability on yield was also reported in several studies (Glenn and Daynard, 1974; Tollenaar and Wu, 1999; Washmon et al., 2002) . Taylor et al. (1999) reported the negative correlation between mean grain yield in winter wheat (Triticum aestivum L.) and CV. Weisz et al. (2001) reported increases in grain yield as plant population increases. The results from these previous studies indicate the importance of adjusting N rate based on crop stand variability.
Coefficient of variation among vegetation index (VI) readings has been used to: determine different species of plants present in a given area, validate certain treatments and make decision out of it, and assess plant population stand variability (Gillespie, 2005; Levin et al., 2007; Seiferling et al., 2012) . Martin et al. (2007) showed that CV increased with decreasing normalized difference vegetation index (NDVI) readings in corn (Zea mays L.). Since NDVI is a good measure of biomass and plant coverage, CV from NDVI readings can be a good indicator of stand or field variability. Arnall et al. (2006) examined the relationship between the changes in midseason NDVI readings and yield at harvest in response to applied N using the CV computed from the NDVI readings. The results showed that incorporating CV from sensor readings improved the linear relationship of these two variables with coefficient of determination (r 2 ) values increasing from 0.17 to 0.37.
Plant stand variability of sugarcane can be affected by several factors. Whole stalks of cane are used as planting material, but the availability of billet (cut stalks) combine harvester has led to the adoption of billet-planting in Louisiana Salassi et al., 2004) . The study conducted by Siebert et al. (2004) revealed that the type of planting material, i.e., whole stalks vs. billets, may affect stand variability. In their study, cane planted from billets had higher population than those planted from whole stalks, at least during the early growth stages. Varietal diversification is essential to the year-to-year success in Louisiana sugarcane production systems, mainly to effectively manage disease. On average every year, about 10 commercial hybrids of sugarcane species occupy the sugarcane production areas of Louisiana. They differ in yield potential, ratooning and tillering ability, canopy structure, and tolerance to abiotic and biotic stresses, all contributing to their differences in stand. The objective of this study was to evaluate the relationship of CV readings from VIs with stand population 4 and 8 weeks after planting (WAP) and tiller number at the early and late tillering stage of six different cane varieties planted from billets and whole stalks.
MAterIAls And Methods

location, experimental design, and establishment
This study was established at two sites, Site A (30°15¢47² N 91°05¢54² W) and Site B (30°16¢08² N 91°06¢10² W), at the Louisiana State University AgCenter Sugar Research Station in St. Gabriel, LA. The experiment consisted of six cane varieties (four cane for feedstock, hereafter termed as energy cane; and two for sugar production, hereafter termed as sugarcane) and two types of planting materials (billets and whole stalks) with four replications arranged in a split plot in randomized block design. Planting material was designated as the main plot and varieties as the subplot. Each plot consisted of three 1.85-m wide rows with length of 12 m.
Planting was done on 14 Sept. 2012 for Site A and 14 Oct. 2013 for Site B. The four energy cane varieties (Ho02-113, US72-114, Ho06-9001, and Ho06-9002) and the two sugarcane varieties (L01-299 and L03-371) were prepared for both billets and whole stalk planting. Billets were prepared by cutting cane stalks into small sections with an average length of 55 cm using a combine harvester. Rows were opened where five to six running billets were placed using sugarcane billet planter. For whole stalk planting, stalks of the different cane varieties were manually cut with cane knives, and three whole stalks were placed side by side in the furrow with 6-to 8-cm overlapping. Rows were then covered with 6 to 8 cm of soil and then compacted using a custom roller packer. For each variety, the length of whole stalks, the number of buds on each whole stalk, and the number of buds present per square meter area were recorded and summarized in Table 1 .
Fertilizer and weed management were implemented as needed based on the LSU AgCenter recommendation. Nitrogen fertilizer was applied in spring of each year, around mid-April, at 134 kg N ha -1 using urea ammonium nitrate (UAN, 32% N) solution as the source. Potassium was applied at 90 kg K ha -1 as muriate of potash (60% K). Weeds were controlled with early spring application of metribuzin ((4-amino-6-tert-butyl-4,5-dihydro-3-methylthio-1,2,4-triazin-5-one) and atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-striazine] after beds were rebuilt in-season (lay-by).
sampling Area and data Collection
Plant population was counted from the middle row of each plot at 4 and 8 WAP. Cane growth ceases in late fall and winter, typically during the period where temperature drops below 4°C (base temperature for cane). Thus, the tiller number was counted only after the continuation of growth in spring, one at early tillering and one at late tillering stage, which were around last week of April and May, respectively. Along with plant population and tiller number, the following VIs were collected using 4-band GreenSeeker handheld sensor (Trimble) for each sampling time: The sensor can take about 100 readings per second in both VIs and reflectance readings from individual band, i.e., 660, 710, 735, and 770 nm. These data were downloaded as individual reading for each 1 × 60 cm field of view generating more than 100 readings per plot. These readings on NDVI 660 , NDRE 710 , and NDRE 735 were used to compute CVs (CV 660 , CV 710 , and CV 735 , respectively) using Microsoft Excel Macro (Microsoft, Seattle, WA) for each plot.
The number of millable stalk was also counted per plot at grand growth stage in July. At this stage, the number of millable stalks is well-established and commonly similar with the number determined at harvest. To evaluate varietal differences, plant height, leaf length, leaf blade width, length where leaf bends (hypotenuse), angle of the leaves with the stem (canopy openness), and stem width were also measured at this stage in 2013 at Site A (plant cane), and in 2014 at Site A (first ratoon) and Site B (plant cane). All these parameters were collected from five random plants from the middle row of each plot and then averaged. Plant height was measured from the base to the blade joint of the top visible dewlap leaf. Leaf length was measured from the blade joint to the leaf tip and between these two points five measurements (approximately at equal distance) of leaf width were taken and then averaged. The hypotenuse was measured as the distance from the blade joint to where the leaf bends. The angle between the leaves and the stem was measured using a protractor. Measurement of stem width was made with slide calipers at five equally distant spots from base and the blade joint of the top most visible dewlap leaf.
statistical Analysis
Analysis of variance (ANOVA) was performed using PROC MIXED in SAS (SAS 9.4, SAS Institute, 2012) to evaluate if there were differences between planting materials and among varieties based on population, tiller count, and number of millable stalk. For any significant effect detected at the 0.05 level of confidence, mean separation was done by Tukey-Kramer post-hoc test. For each VI, regression analysis was done using PROC REG to evaluate the relationship of CV with plant population and tiller. In addition, the effect of variety on these relationships was evaluated using analysis of covariance with variety as categorical variable. Canopy structure parameters for each variety were pooled across years and crop age before conducting ANOVA.
results And dIsCussIon
Many studies reported the effect of variety and type of planting material on cane population count and number of millable stalks (Richard et al., 1991; Hoy et al., 2004; Viator et al., 2005) . Similar outcomes were obtained from this study wherein varietal differences in population stand, tiller number, and millable stalks for both sites and across crop age (plant cane and ratoon crop) were also observed (Table 2 ). There was clear separation on the number of millable stalks between sugarcane and energy cane wherein the latter was always higher, averaging >193,000 stalks ha -1
. On the other hand, the effect of planting material was only evident on population count at 8 WAP and millable stalk at grand growth stage at Site A (Table 2) . At these sampling dates, the billet-planted cane had higher population count (49,000 vs. 88,000 plants ha
) and millable stalk (182,000 vs. 219,000 stalks ha -1 ) than the cane established from whole stalks. There was a significant interaction effect of variety and plant material on plant population for plant cane Site B; using billets variety L01-299 improved its stand, whereas US72-114 population was reduced by 20%. Siebert et al. (2004) reported that the higher plant population of billet-planted cane over the whole stalk-planted cane can be attributed to loss of apical dominance in cut stalks or billets. However, the higher germination rate or better plant stand in billet-planted cane can be offset by its higher vulnerability to stresses brought about, for example, by cold temperature and pathogen infections due to high exposed surface area before the recommencement of growth in spring (Hoy et al., 2001; Viator et al., 2005) . In addition, sugarcane produces tillers with a tendency to fill up the existing gap between individual cane plants. These may explain the lack of type of plant material effect on the number of tillers. The known benefit of establishing cane with billets on germination rate was not observed in 2014 (Plant Cane Site B) due to unusual cold winter occurred in the area that resulted in no statistical difference between cane established from the two types of planting material. Overall, the result from this study showed that varietal differences were more evident and consistent than the effect of planting material on plant population, tiller number, and millable stalk.
The introduction of variety and planting material as factors in this study was also intended to create differences in physical attributes of cane canopies, canopy development, tillering potential, and subsequently yield. The results of ANOVA reported in Table 2 confirmed that there were differences in plant stand, tiller number, and millable stalk among the varieties evaluated, making the experimental plots suitable to evaluate the use of CV computed from VIs readings for fast profiling of growth and development of sugarcane.
Vegetation indices are expected to change as the plant population stand changes. A higher plant population can result in higher accumulation of biomass and ground coverage, hence higher VIs and lower CVs among VI readings. The linear relationship between VIs and its CVs are presented in Fig. 1a to 1c. For NDVI, when the value was <0.25 (determined by first derivative analysis), the relationship between NDVI 660 and CV 660 was a positive linear (r 2 = 0.17, p < 0.001) and with NDVI > 0.25, the relationship shifted to a negative linear relationship (r 2 = 0.73, p < 0.001) (Fig. 1) . Regression analysis done for each sensing date showed the following outcomes: a positive linear relationship between NDVI 660 and CV 660 with r 2 = 0.49 was obtained at 4 WAP, then this relationship changed to negative linear at 8 WAP and early tillering stage with r 2 values of 0.52 and 0.75, respectively (p < 0.001; Fig. 2a) . The study by Martin et al. (2007) showed a positive linear relationship between NDVI 660 and CV 660 at the early growth stage (V3-V5) of corn. The positive linear relationship is probably associated with the large area of exposed soil surface, but small amount of vegetation coverage at early cane growth stage. The low NDVI values ranging from 0.1 to 0.2, essentially values from bare soils, are also indicative of very low accumulated biomass (Qi et al., 1994) . In such case, the unevenness of plant stand at the early growth stage of a crop becomes more evident, hence high CV. With NDVI 660 values >0.25, which were mostly attained during the cane tillering stage, the relationship of NDVI 660 and CV 660 shifted to negative linear, which was also the case for the NDRE and CV from 710 and 735 nm wavebands (Fig. 2a-2c) . As the canopies of vegetation cover the soil surface the VIs readings increase whereas CV (among VIs readings) decreases. This happens because as the field of view of the sensor becomes occupied exclusively by vegetation, uniformity among VI readings is attained, thus CV declines until saturation is reached. Unlike NDVI 660 , the VIs (NDRE) and CVs computed using red-edge bands were negatively correlated across the sampling times ( Fig. 2b and 2c) . The CV 710 and CV 735 values were higher than CV 660 . Several studies showed the advantage of using red-edge-based VIs for monitoring plant crop growth (Cho and Skidmore, 2006; Peng and Gitelson, 2012; Cao et al., 2015) . Red-edge band sits between the red to near infrared bands (680-740 nm) where light energy is strongly absorbed by chlorophyll pigments and at the same time highly reflected by leaf structure. This unique feature of red-edge bands enhances the detection limit of variability in plant canopies (both structure and leaf elements), explaining the higher CV values among red-edge-based VI readings compared with CV 660 computed from NDVI 660 .
There was no clear association between population and CV (710 and 735) at 4 and 8 WAP (Fig. 3a-3c ). On the other hand, CV 660 at 4 WAP (Fig. 3a) seemed to increase with increasing population and such pattern turned negative at 8 WAP (Fig. 3b) . The CVs of VIs at early tillering were more spread out than at 4 and 8 WAP (Fig. 3c) . Decreasing CV values with increasing plant population was also observed in wheat (Arnall et al., 2006 largely depends on tiller production potential of individual plant, not merely on plant population; thus, the tiller count at early and late tillering stage had a better relationship (r 2 ) with millable stalk than population count at 4 and 8 WAP (Table 4) .
Significant varietal differences were observed on plant population, tiller number, and millable stalk (Table 2) ; thus, the effect of variety on the relationship between CVs and plant population or millable stalk was examined using analysis of covariance. Analysis of covariance is useful when categorical (e.g., variety) and quantitative variable effects are evaluated simultaneously. Based on this analysis, there were significant effects of variety on the relationship of CVs with plant population and millable stalk (Table 5 ). This significant effect was consistent across sensing time. The inclusion of varietal parameter dramatically increased the precision of predicting population using CVs. For example, the r 2 improved from 0.13 to 0.33 when varietal information was introduced to the model (for population) using CV 660 as predictor.
The average increase in r 2 was greater in CV 710 and CV 735 with values of 37 and 41%, respectively, compared with CV 660 (r 2 = 18%) for the plant population models. The improvement on the r 2 of the CV-based models for millable stalk prediction was similar, ranging from 39 to 45%. It is important to note that the CV computed from VIs does not simply measure the variability caused by unevenness of plant population stands or tiller distribution within a given area. The amount of ground coverage, color of plant canopies, and even the soil surface attributes (e.g., wet vs. dry) constitute the major scene components within the sensor field of view and therefore affect both VIs and their CV readings. Variation in canopy structure and agronomic parameters was observable among cane varieties evaluated in this study. Similarly, Kanke et al. (2016) reported differences on biomass, tiller number, and N uptake at tillering stage among sugarcane varieties. In the present study, leaf attributes that can potentially define cane canopy structure were measured at the grand growth stage (Table 6 ). Differences in height and leaf attributes (length, bent, and width) among varieties were detected, indicating possible differences on cane canopy structure. With the same number and distribution of tillers, sugarcane variety that has a droopy canopy structure will cover more ground than a variety with an erect canopy structure. This explains the improvement on the relationship of CVs with plant population and millable stalks when variety was used as a categorical variable (Table 5 ). In addition, there are also inherent differences among these varieties in terms on germination rate and ability to withstand cold temperature during establishment. Figure 4 shows the pattern of association between CV 660 and plant population of the different cane varieties used in this study at 4 WAP. With the same value of CV 660 reading (e.g., CV 660 = 15-20%, shaded area in Fig. 4 ), Ho06-9001 and Ho06-9002 varieties tended to have lower plant population than L01-299 and US72-114.
Reports in the literature indicated the use of red-edge-based VIs improved the monitoring of plant conditions, especially as plants approached maturity and complete canopy closure (Mutanga and Skidmore, 2004; Cao et al., 2015) . In the current study red-edge VIs and their CVs had strong negative relationships at the early tillering stage (Fig. 1b and 1c) . However, neither the actual plant population nor the millable stalk exhibited good relationships with CVs computed from the red-edge-based VIs (Table 3 ). These results indicated that red-edge-based VIs are more sensitive to changes in leaf elements (e.g., chlorophyll content, water) than the canopy structure (e.g., cover fraction, leaf area index). Canopy structure differed more at the growth stages when we collected sensor readings. Another possible explanation is that the plant stand after germination was not the only major determinant of tiller survival. Only when variety was included as a categorical variable did CVs computed from red-edge VIs tend to have better relations (i.e., higher r 2 ) with plant population and millable stalk than the CVs from red-based VIs (Table 5 ). This made sense since genetic traits govern tillering ability (Kapur et al., 2011) . Multiple studies have reported (Mutanga and Skidmore, 2004; Van der Meer and De Jong, 2006; Cho et al., 2008 ) that at complete canopy closure NDVI becomes limited by its decreasing sensitivity to plant physiological status due to adsorption of red light reaching a maximum, while red-edge-based VIs remains effective in profiling leaf N and chlorophyll concentrations. Cao et al. (2015) reported that NDVI predicted rice (Oryza sativa L.) grain yield better at early growth stages whereas red-edge-based VIs remained a good predictive variable at later growth stages. Peng and Gitelson (2012) also documented similar performance of red and red-edge-based VIs in predicting gross primary productivity.
The outcomes of this study demonstrated: (i) the limited use and application of CVs from both red and red-edge-based VIs to evaluate cane plant population stand, tiller count, and millable stalk; and (ii) the value of incorporating variety as a categorical variable in establishing CV-based models for predicting plant population and millable stalk. Although it sounds logical to develop variety specific models for this type of application, this may be challenged by the varietal diversification program in Louisiana sugarcane production systems. Nevertheless, categorizing cane canopy structure to broader groups such as droopy, erect, and intermediate as Kanke (2013) reported may provide an opportunity to establish more refined CV-based models that are not necessarily variety specific.
ConClusIons
Variety had a more evident effect than type of planting material on population count, tiller number, and millable stalk. The NDVI 660 and CV 660 had positive linear relationships at 4 to 8 WAP, but this trend was not observed between CVs and VIs from red-edge bands. This indicated that the CV computed from red band would be more useful in estimating plant population a few months after germination. The CVs from VIs collected after germination did not establish a good relationship with population count or millable stalk, because genetic traits exhibit more influence over tiller survival. Due to distinct varietal differences in measured parameters, when we included variety as categorical variable, the relationship of CV with plant population or millable stalk improved. This study demonstrated the potential of CVbased model for estimating plant stand population and millable stalk, which could improve the N algorithm for estimating cane N requirement. Furthermore, we found that model performance could be improved if variety is introduced as a categorical variable in the model. Future research should categorize varieties into broader groups based on canopy structure to develop more refined CV-based model for fast profiling of cane plant stand population, tiller production, and millable stalk. 
